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論 文 内 容 要 旨 
With the depletion of high-grade iron ores, high-P iron ores with large reserves will have to be mined and used in  
future. When high-P iron ores are used, hot metal with high P content will be generated. Through efficient hot metal 
dephosphorization, most of the P in hot metal will be concentrated in slag. Because of the high P2O5 content and huge 
production, this slag is considered a potential phosphate resource, which can ensure the reliable supply of phosphate 
fertilizer. Dephosphorization slag mainly consists of the CaO-SiO2-FeOx-P2O5 system and contains 2CaO∙SiO2– 
3CaO∙P2O5 (C2S–C3P) solid solution. There was a high distribution ratio of P2O5 between solid solution and liquid phase. 
On the basis of the difference in water solubility between solid solution and other phases, selective leaching of solid 
solution from steelmaking slag has already been proposed. After leaching, the dissolved P in the leachate can be used to 
produce phosphate fertilizer; the undissolved slag with low P2O5  content can be recycled inside steelmaking process. It  
has been reported that solid solution was dissolved preferentially, but the dissolution ratio of P in the nitric acid solution 
was not high because of phosphate precipitation, especially from the slag with high P2O5  content. By this background,   
the purposes of this study is: (1) to suppress phosphate precipitation and promote P dissolution from the solid solution (2) 
to suppress dissolution of the Fe-containing phases and achieve a better selective leaching of P from slag with high P2O5 
content. (3) to explore an effective method to extract phosphate fertilizer from the leachate. 
In Chapter 1, it summarized the previous studies on the utilization of high-P iron ores and the recovery of P from 
steelmaking slag. The purposes and innovations of this study were also clarified. 
In Chapter 2, the dissolution behavior of the P-concentrated C2S–C3P solid solution was investigated. The C2S–C3P 
solid solution with 20 mass% of P2O5 was synthesized and then leached in the aqueous solution for 2 h (mass ratio of 
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Fig.1 Change in the dissolution ratio of P with pH 
in different acid solutions 
7 
solid to water=1:400). To keep a constant pH, acid solution was added as a leaching agent. Firstly, the effects of oxalic 
acid (H2C2O4) and citric acid (H3C6H5O7) on the dissolution of P from the C2S–C3P solid solution were studied at pH 7 
and compared with that of nitric acid. It was found that when oxalic acid or citric acid was used as leaching agent, some 
of Ca2+ ions formed CaC2O4 precipitate or CaC6H5O - complex, respectively. The precipitation of phosphates was 
suppressed, and then the dissolution ratio of P from solid solution significantly increased. To further improve P 
dissolution, Na2SiO3 modification for the C2S–C3P solid solution at high temperature was proposed. Different mass ratio 
of Na2SiO3 was heated with the synthesized C2S–C3P solid solution and the P2O5 content in each sample was fixed as 20 
mass%. By modification, the added Na2O was dissolved into the solid solution and substituted for CaO. The following 
reaction occurred: 2CaO · SiO2– 3CaO · P2O5  + Na2SiO3  = 2CaO · SiO2– 2CaO · Na2O · P2O5  + CaO · SiO2 
The original P-condensed phase changed from C2S–C3P to C2S–C2NP which has higher water solubility. After Na2SiO3 
modification, the dissolution of P from solid solution was promoted in the oxalic and citric solutions at pH 7. With an  
increase in the Na2SiO3 content, the dissolution ratio of P from solid solution further increased. The improvement in P 
dissolution in the oxalic solution was higher than that in the citric solution at pH 7. The dissolution ratio of P from the 
solid solution with 20 mass% of Na2SiO3 reached 43.9% in the oxalic solution at pH 7. 
To obtain the optimum leaching condition, the dissolution 
behavior of P from the modified solid solution with 20 
mass% of Na2SiO3 was investigated at different pH. The 
relationship between the dissolution ratio of P with pH 
was shown in Fig. 1. Because the precipitated CaC2O4 
wrapped the solid solution, it is difficult to further  
increase the dissolution ratio of P in the oxalic solution by 
decreasing the pH. The dissolution ratio of P increased 
significantly in the nitric and citric solutions when the pH 
decreased  from 7 to  5.  Approximately  85.7%  of P was 
dissolved from the modified solid solution in the citric solution at pH 5. This is because that citric acid has a stronger 
ability to destroy the mineral phase by chelation. Therefore, citric acid was an optimal leaching agent for extracting P 
from solid solution at pH 5. 
 
In Chapter 3, on the basis of the above results, the dissolution behavior of P from the modified steelmaking slag was 
















Fig.2 Dissolution ratios of each element from the 
modified slag at various pH conditions 
mass%. Firstly, the effect of cooling rate of the molten slag on the dissolution of slag was studied. In the case of furnace 
cooling, a Fe-rich phase was precipitated from the matrix phase, but the composition of solid solution was almost the 
same with that in the quenched slag. The furnace-cooled slag exhibited a higher dissolution ratio of P and lower 
dissolution ratio of Fe compared with quenched slag. This is attributed to a better enrichment of P2O5  in the solid  
solution and the formation of a more stable matrix phase when the slag was cooled slowly. Consequently, decreasing 
cooling rate was beneficial for achieving a better selective leaching of P from slag. 
Secondly, different mass ratio of Na2O was added into slag and its effect on the dissolution of slag was studied at pH 6. 
The Na2O content in the solid solution increased with the Na2O content in slag. Although Na2O addition decreased the 
P2O5 content in the solid solution, it led to a higher mass fraction of solid solution. With the increase in the Na2O content, 
the dissolution ratios of Ca, Si, and P from slag increased, while Fe was barely dissolved. When the Na2O content was 4 
mass%, most of the solid solution was dissolved without a large dissolution of other phases, showing a better selective 
leaching of P. 
Thirdly, the effect of pH on the dissolution behavior of 
the modified slag with 4 mass% of Na2O was studied. 
The dissolution ratios of each element at different pH 
were shown in Fig.2. As the pH decreased, the 
dissolution of the modified slag was promoted,  
resulting in higher dissolution ratios of each element. 
The dissolution ratio of P increased significantly when 
the pH decreased from 7 to 5. Further decrease in the 
pH caused little improvement in the P dissolution,   and 
resulted in dissolution of large amounts of Fe. To achieve a better selective leaching of P, the pH should be controlled 
between 5 and 6. After leaching, the P2O5 content in the residue decreased compared to the original slag, and the Fe2O3 
content increased correspondingly. Due to the dissolution of the P-condensed solid solution from slag, the obtained 
residue has the potential for recycling within steelmaking process. 
Finally, the effect of the valency of Fe in slag on the dissolution of the modified slag was studied. The slags containing 
Fe2O3 and FeO were synthesized, respectively. The P2O5 content in the solid solution of the slag containing Fe2O3 was 
higher compared to that of the slag containing FeO, while the mass fraction of solid solution was lower. When the FeO  
in the slag changed to Fe2O3, the dissolution ratio of P increased significantly at pH 6, and the dissolution of Si and Fe 
was suppressed. Therefore, the oxidization of slag was necessary to achieve selective leaching of P from slag. 
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In Chapter 4, the effect of K2O modification on the dissolution of P from steelmaking slag was investigated because 
K2O has the similar properties with Na2O and is also an important fertilizer constituent. Three slags (containing 8 mass% 
of P2O5) with different K2O contents were synthesized and leached in the citric solution at different pH. By K2O 
modification, a portion of the K2O was distributed into the P-concentrated solid solution, and the mass fraction of the 
solid solution in slag increased; however, the P2O5 content in the solid solution decreased. K2O modification promoted  
the dissolution of the solid solution in the aqueous solution, resulting in higher dissolution ratios of Ca, Si, and P. 
However, at pH 7, further increase in the K2O content in slag did not significantly increase the dissolution ratio of P. 
As the pH decreased, the dissolution of slag was promoted. With the increase in the K2O content, the dissolution ratio of  
P increased at pH 6. The majority of the solid solution in the slag with 8 mass% of K2O was dissolved, and other phases 
remained in the residue, showing a better selective leaching of P from slag. K2O modification has the similar effect with 
that of Na2O. The reason is that the introduction of alkaline oxide (K2O or Na2O) in the solid solution improved its water 
solubility. When the pH decreased to 5, more than 80% of the P was dissolved from each slag. For the slags with K2O 
modification, the dissolution of the matrix phase was significantly suppressed, resulting in a lower dissolution ratio of Fe. 
Because of the separation of solid solution, a residue with a higher Fe2O3 content and lower P2O5 content was obtained 
after leaching. 
 
In Chapter 5, to increase the efficiency of dephosphorization and to recover P from dephosphorization slag by selective 
leaching, it is necessary to determine the distribution of Na2O and P2O5 between solid solution and liquid phase in slag 
with high P2O5 content. In this chapter, the effects of P2O5, Na2O, Fe2O3 contents and slag basicity on the distribution 
ratios of P2O5 and the mass fraction of the solid solution were investigated. A linear relationship was found between the 
distribution ratio of P2O5 and the Na2O content in slag; the relationship was independent of P2O5 content.  Further  
addition of Na2O did not enrich Na2O in the solid solution and a new 2CaO∙SiO2–2CaO∙Na2O∙P2O5 solid solution  
formed. With the increase in P2O5 content in slag, the P2O5 content in the solid solution also increased. Na2O addition 
decreased the P2O5 content in the solid solution, while it increased the mass fraction of the solid solution in slag, which 
facilitated P2O5 enrichment. The distribution ratios of P2O5 and Na2O both increased with the increase in the  Fe2O3 
content in the liquid phase. In the case of high Fe2O3 content, a P2O5-condensed solid solution was formed. With the 
increase in slag basicity, the distribution ratio of P2O5 increased significantly, while that of Na2O decreased. A higher 
basicity resulted in a larger mass fraction of the solid solution in slag. The activity coefficient of P2O5  in the solid  
solution increased with the P2O5  content in the solid solution. 
 
In Chapter 6, a process for extracting P product from the leachate by chemical precipitation was explored. The leachate 
was obtained by the leaching of the modified slags (containing 4 mass% of Na2O or K2O) at pH 6. To precipitate P, 
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Table 1 Compositions of the P products obtained at various pH conditions 
alkaline solution was added to the leachate to adjust the pH. The effects of alkaline solution and pH on the P precipitation 
and the composition of the obtained P product were investigated. When the pH of the leachate increased by the addition 
of Ca(OH)2 or NaOH solution, the dissolved P in the leachate precipitated, and the P concentration in the upper solution 
decreased to a low value. Through separation and calcination, a P product, which mainly consists of CaO and P2O5, was 
obtained. The addition of Ca(OH)2 or NaOH solution into the leachate had the similar effects on P precipitation. The 
P2O5 content in these P products exceeded 28.0 mass%.  With  the increase in the pH of the leachate, the precipitation  
ratio of P in the leachate increased, while the P2O5 content in the obtained P product decreased and the SiO2 content 
increased, as shown in Table 1. In 
this process, through selective 
leaching of P and precipitation, 
approximately 70% of the P in 
steelmaking  slag  was   recovered 
in the form of P product. Most of the P in the obtained P product was citrate-soluble and available in the soil, indicating 
that this product has the potential to be used as a phosphate fertilizer. Overall, this method was efficient to separate and 
recover P from slag with high P2O5 content. On the basis of this study, a process for the comprehensive utilization of 
high-P iron ores, and waste-free steelmaking, was proposed. 
 
In Chapter 7, the results of this study were summarized and future studies were proposed. 
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